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Abstract 
It is well-known that network intrinsic distortions or introduction of impurities, into this last, modifies the nature of 
the traps energy present in material, affecting in an important way material toughness. In this work, we were 
interested to the effect of both structural defects effect introduced by a lowering in temperature and doping on the 
alumina toughness, measured by Vickers indentation.  
The obtained results reveal the importance of these defects which behave, in this case, like trapping electric sites and 
modify, in a more or less strong way, material toughness. We show that the dopants are generally unfavorable to 
toughness. However, we underlined an interesting case of increase in the tenacity of the single crystal alumina 
doped with chromium.  
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1. Introduction 
 
The physics of the space charge has known a formidable development during the 20th century. Indeed, the most 
recent studies as well fundamental as experimental showed as the ceramic materials have mechanical and/or electric 
behaviors related to the presence of electric charges in excess which modifies the internal energy of material. 
Different investigations carried out have shown that any solicitation led to the injection of loads in material. 
These loads can be driven by producing a mainly electronic polarization of the network around the load with the 
formation of a polaron. They can also be trapped on particular sites and allow the establishment of a new 
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equilibrium state with an electronic and ionic polarization involving more extended deformation of the network. 
Stored local energy is primarily of mechanical nature [1-4]. Recent calculations showed that the energy of 
polarization accumulated on a site is about 5 eV, around of formation energy of defects [5, 6]. Under the effect of an 
external solicitation, its relaxation can involve the damage or the ageing of the material [4,7-9]. 
In this study, we were interested to the effect of both structural defects introduced by lowering temperature and 
doping on the toughness of single-crystal alumina according to the concept of the physics of the space charge. 
The energy levels of the states related to the specific defects, random distribution of impurities or atoms in 
substitution, are in the gap insulator at an energy lower than that corresponding to the Anderson states [11,12]. 
Disordered character of the distribution, and the recovery wave functions from one site to another produce 
impurities band. The higher the concentration of defects is more important this band is wide. At very high 
concentration of defects that band can reach the conduction band. 
 
2. Experimental setup 
 
We have used alumina of high purity, single-crystal (sapphire), elaborated by the Rubis S.A company, this with 
an aim of eliminating the role of the grain boundaries which could be studied later on. After slicing of the single-
crystal block, samples are ground on set of diamond grids, then polished on copper discs with set of diamond pastes 
ٝ6 and 3 m and a pressure of 2.5 bar in order to obtain an optical polish which corresponds to a surface quality of 
roughness Ra = 0.008 μm. 
The material toughness is given from the prints and the cracks induced by a Vickers indenter assembled on a 
standard micro hardness Shimadzu tester (load 10N or 5N, load time 30 s, rate loading 0.017mm/s). Among 
numerous relations [13] allowing the calculation of the KIC, we have used one proposed by Liang et al. [14]  
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where E: Young modulus, equal to 440GPa; Ɏ: constraint factor, equal to 3; Hv: Vickers pyramid hardness; a: half 
diagonal of the Vickers print; 2c: average length of the radial cracks; Ȟ: Poisson’s ratio, equal to 0.30. 
 
3. Results and discussion 
3.1. Effect of activation of trapping sites caused by a lowering of temperature 
 
Output measurements of the loads trapping, carried out on sapphire annealed for 4h at 1500°C and heat treated at 
350°C in the enclosure of the scanning electron microscope revealed that the last retains loads at low temperature 
whereas at the ambient, it does not take place. This result motivated us to carry out indentation test of at -40°C on a 
single crystal having undergone an annealing under the same conditions in the aim to consolidate the analogy 
between the dielectric and mechanical properties. The micro hardness was placed in hermetic polyethylene bag to 
ensure the maintenance of the temperature during the test. The cooling of the sample is ensured by gas nitrogen 
circulation which passes in a serpentine plunged in liquid nitrogen. The temperature in the vicinity of the sample, 
before and after the indentation test, is -40°C. The measurement of the prints diagonals and the lengths of the radial 
cracks is taken at the end of the test after cleaning the sample since the condensation of gas does not make it 
possible immediately after unloading. The obtained results show a lowering of tenacity KIC=6.59+0.17 MPa (m)1/2 
whereas that measured on the same sample at the ambient is equal to 7.38 + 0.27 MPa (m)1/2. 
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3.2. Effect of addition elements on the toughness 
 
The doping of ceramics by foreign elements corresponds to the formation of specific defects and can thus 
influence toughness [15]. Additions elements (Cu, Ag, Si, Cr…..) are deposited by various techniques (evaporation, 
slurry coating) on sapphire then diffused under the conditions  mentioned in table 1. 
 
 
Element Cu Ag Cr Fe S Ti 
Technique evaporation evaporation slurry 
coating 
slurry 
coating 
slurry 
coating 
slurry 
coating 
Diffusion 
temperature in 
air (°C) 
1150 950 1300 1100 500 1150 
Annealing 
time (h) 
1 9 20 22 6 22 
 
Table1: Various doping conditions. 
 
After diffusion heat treatment the samples were polished with diamond paste 3mm to remove excess doping 
elements or any combination layer having been formed. Then, they are annealed in air condition for 4h at 1200°C,   
in order to eliminate partially or completely the defects induced by polishing and in particular dislocations [16]. 
Figure 1 summarizes toughness measurements carried out on our samples. The doping of ceramics affects in more or 
less strong way the tenacity. It is generally lowered, slightly for copper and silver, more strongly for sulphur, iron 
and especially for titanium. However, we noted an increase in the KIC for the single crystal doped superficially with 
chromium. This result led us to study the ruby (sapphire doped in volume with Cr3+).  
 
 
           
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1: Effect of addition elements on the toughness of single-crystal alumina. 
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Figure 2 shows the Variation of KIC according to the Cr3+ content for sapphire heated in air condition for 4h at 
1500°C.  One can see that KIC decreases between 0 and 500 ppm, and then becomes constant in spite of the increase 
in the content of Cr3+. This result is coherent with work on the fluorescence measures done by Daviller [17] who 
shows that for chromium contents higher than 750 ppm, there is formation of trapping sites, and that from 2000 ppm 
the distribution of the sites is quasi continue 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    
 
 
 
 
 
 
 
 
 
Fig.2: Variation of KIC as a function of the Cr3 + content for sapphire annealed 
for 4h at 1500 ° C in air condition. 
 
 
 
3.3. Discussion 
 
The cooling of the sample activates the intrinsic distortions of alumina.  It destroys the symmetry of the 
network at molecular scale inducing a random provision of the orbital wave’s functions. Consequently the wide 
states of the conduction and valence bands are 
affected, and localized states occur in the energy gap involving the formation of  additional bands in the tails of 
conduction and valence bands  called Anderson states. These bands can trap the loads ejected in material by cooling 
and the developed constraints under the indenter [18- 20]. Stored local energy, primarily of mechanical nature, is 
released during the indentation test leading to the formation and the propagation of the cracks. This induces a 
tenacity lower than that of sample measured at the ambient. 
The insertion of atoms in the alumina network causes modifications of the local environment around the 
impurity. Indeed, distortions are created around the dopant because of the difference between ionic radii of dopants.  
In our case are all larger than the radius of the cation Al3+ [21]. Distortions of the original network [22] and those 
created by the doping and the recovery wave from one site to another result in the appearance of an impurity band, 
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at the level of bandgap,  at an energy lower than that of Anderson. The impurity band is formed of two separate 
bands of a distant energy U. The lower band contains the valence electrons of the impurity, while the upper band it 
offers the possibility of trapping in localized states of the ejected electrons in the material under the effect of 
distortions resulting from the difference between ionic radii of the dopants and Al3+ ion. Thus a material with low 
defect density, states of the impurity band allows strong electron localization. During the indentation test the stored 
energy is relaxed resulting in the formation and propagation of cracks and thus a lowering of toughness.  
On the other hand, the increase in toughness observed for the single crystal doped superficially with chromium 
by the slurry coating technique, at 1500 ° C in air is, attributed to the high content of chromium. Indeed, the sample 
has a green color indicates the presence of Cr2O3 clusters [17] due to high chromium content (> 3 mol %). In the 
latter case, the high concentration of defects results in a wider band of impurity. It may even reach the conduction 
band. Therefore the electron can move from one impurity center to another by exchanging energy with phonons. 
Thus the material's ability to trap charges is zero; so there is no more storage of polarization energy, resulting in an 
increase in toughness.  This result is compared to that obtained on the same material using space charge measure 
[18]. 
 
4. Conclusion 
 
In this work, we showed that structural changes associated with cooling and doping are detrimental to toughness. 
However, we have highlighted an interesting case for increasing the toughness associated with the formation of 
clusters Cr2O3 promoting the flow of charges. Thus, the search for such microstructures is thus a way to explore to 
increase the toughness of ceramics. 
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